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Abstract 
In recent years the attention to the green transport and emission reduction has been increased significantly. European 
directives and national ones have introduced restrictions and target for the pollutant emissions. Urban transport systems play 
the main role. Transport systems based on electric mobility are suitable for green transport. If the market of private electric 
cars is still too small, public authorities have to implement and to develop strategies for the construction and the use of 
electrical systems. Considering local public transport, tramway and electric bus lines seem to be the best solution for this 
objective. This research wants to analyse the emission carried out from a bus line and a tramway line in urban area. 
Particularly the analysis focuses on to the operational emission and the construction one. Often the emissions related to the 
construction are ignored while in many cases, especially in urban context, these emissions can reach significant values.  A 
model has been developed to compare the impacts on the emissions related to the construction of a new tramway and/or 
electric bus line. Which is the total emission reduction if a tramway line or electric bus line replaces a traditional one? The 
research,  through the designed model, tries to answer to this question.  
A first case study has been analysed considering a 4.5 km long transit line. Results show that the tramway system can save up 
to 75% of CO emission. 
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1. Introduction 
In Europe air pollutants related to the transport systems vary from 40% for NOx to 20% for PM and CO 
(EEA technical report n°12/2011). Air pollutant emissions are become more and more unsustainable especially in 
urban context with high traffic density and low speed. 
Nowadays many “green” solutions are available (Goldman, Gorham 2006) such as the car and bike sharing 
(Nathani et al. 2001), electric and hybrid vehicles, the increase of public transport systems.  In this work we focus 
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on the increase of public transport efficiency. Considering local public transport, tramway and electric bus lines 
seem to be the best solution for this objective. 
It’s clear that a tramway system is different from a bus one both in the technological and functional aspects 
(Vuchic 2005). For example bus service is more flexible than the tramway one and even if we look to the demand 
the bus can be used also for low demand levels while the tramway one is not so efficient and profitable for low 
values of demand. For this reason we have decided to compare a tramway system with a “heavy load” bus one; it 
means that the comparison has been done considering bus line with an high level of demand where the tramway 
system should be a reasonable alternative. Even electric bus should be a reasonable alternative, but as a first 
application we have considered only the tramway one.  
From pollutant emission side a tramway system introduces two mains aspects: the emissions are produced 
elsewhere ( e.g. in the power plant); the emissions produced during the construction should be estimated. Trying 
to find a reliable results, as a first application, the emissions during the construction haven’t be take into account; 
in the incoming activities it will be done. 
2. Proposed model for the emission estimation 
The scope of the research is to assess and to quantify the pollutant emissions when a bus line is replaced with 
a tram one. So for a given bus line, which are the impacts if we change the bus with a tramway system? 
As a first development of this research we have decided to analyze only the bus line with reserved lane; thus 
the tramway service is exploited in a reserved lane.  
In the further development we ‘d like to consider the more general case where the transport line is exploited 
also inside the traffic flow.  
A discrete model has been choose for this firs application. The model provides results for different time (dt) 
and space (dx).  
Three categories that we have defined as the input of the model are: one for the transport line characterization; 
one for the bus characteristics and another one for the tram characteristics. 
In the first category there are the bus stop, the intersections location, the average time spent during the bus 
stop (time to load and leave passengers), the average time spent to cross the intersection (correlated with the red 
time on the signal).   
In the second one there are the bus characteristics: maximum speed, maximum acceleration and deceleration 
rate and the bus specific emission factors (CO, NOx). 
In the last one category there are the tram characteristics: maximum speed, engine power, weight, gear ratio, 
wheel diameter.    
In this research we have considered the traditional bus with an endothermic engine and obviously a tram with 
an electric engine. Thus to estimate the emissions two different sub-models have been developed: one for the bus 
line and another one for the tramway line.  
The emissions produced by the bus can be estimated using microscopic model. Particularly microscopic 
models are useful to define the kinematic parameters for each time dt; specific emission factors are applied for 
each time dt according to the kinematic parameters. 
The emission produced by the tram can be estimated indirectly considering the power used by the tram 
(Andrews 1986) and the specific emission factor related to the generation of unit of power (kW). Specific 
emission factor for the power plant and for energy industries can be derivate from the EEA (1.A.1 Energy 
industries GB2009, 2010) and EPA.  The factors are available for different type of energy industries; according to 
the national energy production/consumption it is possible to estimate the average specific emission factor to 
produce each KW of energy.  
The model layout is reported in the figure 1: 
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Fig.1. model layout  
2.1. Model for the bus emission 
The emission profile can be estimated using the specific emission factors related to the VSP used during the 
phases of acceleration, cruise, deceleration and queue.  
VSP can be estimated using the following formulation (Zhai et Al. 2008): 
 
  ൌ ݒ ൅ ሺܽ ൅ ͻǤͺͳ ή ሺ߮ሻ ൅ ͲǤͲͻʹሻ ൅ ͲǤͲͲͲʹͳݒଷ 
 
where the VSP is vehicle specific power (kW/ton), v is the bus speed (m/s), a is the vehicle’s acceleration or 
deceleration (m/s2) and ĭ is the road grade. To estimate VSP it is necessary to define the speed-time and 
acceleration-time diagrams. Taking into account the bus stops and intersections location (transport line 
characteristics), these diagrams have been developed considering a simplified trapezoidal speed-time diagram 
and thus a constant bus acceleration and bus deceleration. In Li, Gupta, Zhang, Zhou, Zhang (2012) and in EPA 
report (EPA420-R-02-027, EPA Methodology for Developing Modal Emission Rates for EPA’s Multi-Scale 
Motor Vehicle and Equipment Emission System) are reported the CO and NOx specific emission factors related 
to VSP (table 1). 
Table 1. specific emission factors for the hard coal and natural gas power plant 
VSP range VSP mode Average modal emission rates 
CO (g/s) NOx (g/s) 
VSP<0 1 0.009 0.04 
0 < VSP < 2 2 0.036 0.13 
2 < VSP < 4 3 0.045 0.18 
4 < VSP < 6 4 0.072 0.22 
6 < VSP < 8 5 0.085 0.24 
8 < VSP < 10 6 0.091 0.26 
10 < VSP < 13 7 0.084 0.28 
VSP > 13 8 0.062 0.31 
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Starting from these values it is possible to estimate the interpolation function (fig.2). Specifically it has been 
used a trinomial function, which seems to better fit data (R2 up to 0.99 for NOx, and 0.98 for CO . 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. emission rate for different VSP mode.  
2.2. Model for the tram emission 
To estimate the tram emission the idea is to calculate the traction power along the path (Particaroli 2001). 
During the acceleration phase the traction power is maximize, during the constant one it is between zero and the 
maximum value and during the deceleration one it is negative. We have considered that during the deceleration 
phase the engine begins a generator providing energy to the global system (energy recover). 
The acceleration has been estimated considering the traditional formulation for the traction: 
ൌሺɔǡǡǡሻǢ ൌ ሺሺɔሻ െ ሻȀ ൌ ሺሺɔሻ െ ሻȀ ή 
Where ϕ  is the coefficient for the adherence, m is the mass, T is the traction, R is the resistance and g is the 
gravitational acceleration. The deceleration has been considered constant.  
The traction T has been estimated considering the tram engine power and the gear ratio. The resistance has 
been estimated using the binomial formulation. 
 ݎ௢௥ௗ ൌ ͵ ൅ ͲǤͲͲͲͷ ή ݒଶ ;     ൌ ୭୰ୢ ή  
According to the engine power and to the traction available it has been estimated the power used by the tram.  
  ൌ  ή    if   ൑ ୟୢ  
  ൌ ଴       if   ൐ ୟୢ 
Where v is the speed, N is the power and ݒ௔ௗ  is the speed limit for the maximum available traction; it can be 
estimated as follow: 
଴ ൌ  ή  ൌ ୟୢ ή ɔ ή Æ଴Ȁୟୢ ή ɔ ൌ ݒ௔ௗ
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In the range 0 - ݒ௔ௗ the tram can move at constant torque (maximum value for the traction force) while after 
the ݒ௔ௗ  it moves at constant power (hyperbole shape). 
 
 
 
 
 
 
 
 
 
 
Fig.3. traction and resistance force for a tramway vehicle  
 In order to consider the energy recovered during the deceleration phase it has been estimated the power 
recovered, Nr. This power has been estimated starting from variation of the kinematic energy, Ek, and considering 
a recovering factor fr. Normally, fr can varies from zero (in case of any energy recover system) to 0.80÷0.95 
depending on the network configuration (Alstom). It is important to note that in some case the recovered power is 
lost through the joule effect (when the network is not receptive). In any case the energy saved can rise the 20-
30% (Particaroli 2001). Adopting the new HESOP technology developed by Alstom fr can increase up to 0.99.  If 
the recovering factor is equal to 0.99 means that almost all the variation of the kinematic energy is recovered by 
the system vice versa when the factor is equal to 0.      
    ୩ ൌ ͲǤͷ ή  ή ሺݒ଴ଶ െ ݒ௜ଶሻ 
୰ ൌ ௥ ή ୩ ή dt 
Where ݒ଴ and ݒ௜ are the speed before and after the deceleration and dt is the time variation.  
The specific emission factors (table 2) have been taken from the EEA emission inventory guidebook 2009.  
Table 2. specific emission factors for the hard coal and natural gas power plant 
fuel CO [g/GJ] NOx [g/GJ] 
hard coal 150 310 
natural gas 39 89 
According to the national (Italy) electric consumption (table 3) it is possible to estimate the weighted specific 
emission factor for the electric power production.  
Table 3. national electric power consumption 
type  
hard coal 26% 
natural gas 41% 
renewable energy 31% 
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3. Application 
A case study has been considered to test the model. The case study is a transport line with 16 bus stops and 4 
signalized intersection (fig.4). The total length of the line is  4.5 km and the average travel time is about 15 min. 
 
 
 
 
 
 
 
Fig.4. scheme of transport line considered for the case study 
The test has been done for different configuration. Particularly it has been changed the following parameters: 
- Maximum speed 
- Bus/tram stop time 
- fr (energy recovering factor for the tram) 
 
The maximum speed has been considered 40 km/h, 50 km/h and 60 km/h. Maximum speed plays an important 
role because it changes the time spent for the acceleration where the emission are higher. The values have been 
chosen considering an urban transit line.  
For bus/tram stop time it has been considered 10s, 15s and 20s. Of course the stop time depends on the 
demand distribution along the transport line. As a first application the stop time has been considered constant. 
The fr factor, represents the capability of the tram to provide energy to the system (specifically to the traction 
line) during the deceleration phase. To assess and to quantify the importance of fr we have considered different 
values between zero and 1. It means that the tram is able to recover the 10%, 20%, 30% and so on (up to 100%) 
of the kinetic energy during the deceleration.   
For the bus the following characteristics have been chosen to define the speed-time and acceleration time 
diagram (table 4). 
Table 4. kinematics bus characteristics 
acceleration 1.3 m/s2 
deceleration  1.7 m/s2 
Specific emission factor Related to VSP 
 
The characteristics of the tram are reported in table 5: 
Table 5. kinematics bus characteristics 
Tram power 780 [KW] 
deceleration  1.2 m/s2 
Coef. for the adherence 0.2 
Specific emission factor Related to the power [W] 
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4. Results 
As expected when the service is exploited by the tram the emission are lower. Particularly the total emission 
for the tram is about the 25% of those of bus. In figure 4 it is reported the CO emission for the bus system and for 
the tramway one.  The figure shows the CO emission for both systems along the path. The small steps in the 
shape represent the increase of emission during the acceleration phase. The number of these steps are equal to the 
sum of the number of bus stop and the signalized intersection. 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. CO emission for the bus system and for the tramway one.  
The variation depends by the value of the energy recovering factor, fr.  In figure 6 are reported the space-time, 
speed-time, acceleration-time and VSP-time diagrams for the bus. The diagrams have been calculated for a 
maxim speed of 50km/h and a bus stop time of 20s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. kinematic and VSP diagrams for the bus line  
In figure 7 are reported the space-time, speed-time, acceleration-time and power-time diagrams for the tram. 
When the power is negative it means that the tram is recovering energy. The diagram below have been 
developed considering the maximum speed of 50 km/h, bus stop time of 20s and fr equal to 0.7. 
 
1032   S. Carrese et. al. /  Procedia - Social and Behavioral Sciences  111 ( 2014 )  1025 – 1034 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. kinematic and power diagrams for the tram line  
According to above, it has been analyzed the emission variation when stop time and/or maximum speed 
changes along the path. As an example in figure 8 is reported the 3d surface, related to eh CO emission 
considering a maximum speed between 40 km/h and 60 km/h and stop time between 5s and 20s. The maximum 
speed plays a main role; CO emission can be doubled if the maximum speed is increased up to 60km/h. The main 
reason is related to the acceleration phase, which impacts significantly in the emission production. Bus stop time 
is not so important for the emission production compare to the maximum speed, even if the increased of a bus 
stop time leads to an increase of CO too. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. CO variation for different values of maximum speed and bus stop time  
Energy recovering system represents one of the main strength point of the electric traction system; it allows to 
the engine to became a generator during the deceleration phase. During this phase the vehicle provides power to 
the main system. According to above we have changed the capability of the engine to recover system through the 
fr factor. In figure 9 are reported the CO and NOx variation with the fr factor.   
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Fig.9. CO and NOx emission for different values of fr  
When the percentage of energy recovered increases (e.g. fr tends to 1) the power recovered increases and 
emission decreases. It is important to underline that any emission is produced during the deceleration phase, even 
when the energy recovering system is not in operation; but if this system is in operation, it provides power to the 
main system, and thus others vehicles can use it (with zero emission).  
5. Conclusion 
In this work we have defined a general model to compare emission produced by a bus line and tramway line in 
the same conditions. A sub-model for both systems has been developed founding promising results. As a first 
application the results seems reliable; in fact CO emission produced by a bus to cover the path (4.5 km) varies 
from 40g to 100g and it means that the specific emission per km varies from 9 g/km to 22 g/km which seems in 
accordance with the specific emission factors provides by the EEA.  
The model shows as the tramway system can bring to an important reduction in CO and NOx emissions (PM 
emission will be estimated in the next step).   
This first application doesn’t take into account traffic flow condition and it takes some parameters constant, 
such as the bus stop time and the maximum speed along the path, the stop time at the signalized intersection. The 
emission during the construction phase should be implemented for the tramway system. This simplification will 
be removed in the further development and a real case will be considered in the city of Rome.   
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